Bacteria and viruses may be transmitted to laboratory rodents by contaminated biological materials such as transplantable tumours, cell lines, sera or other biological materials. Biological materials are currently being screened using the mouse or rat antibody production (MAP=RAP) test (serological testing). We decided to test and validate an alternative assay using polymerase chain reaction (PCR=realtime PCR) technology to detect viral contamination directly in biological material. The aim of this study therefore is the validation of our new PCR assays and the comparison of PCR and the MAP test. For 8=14 viruses, conventional PCR was more sensitive and more speci c than the MAP test in detecting murine viruses. For 12=14 viruses, the realtime PCR was more sensitive than the MAP test. In 2=14 cases, all three detection methods had the same sensitivity. Furthermore, PCR screening clearly conforms to the principles of the 3Rs as a replacement technique because it eliminates the need for using animals to screen for murine viruses in biological material.
The principles established by Russel and Burch (1959) of 're ne, reduce, and replace' (3Rs) continue to serve as an ethical basis for animal experimentation. To optimize and reduce animal experiments, they must be standardized both to ensure comparability of different studies and to limit the variance of the test results, thus reducing the number of animals required to achieve statistical signi cance.
Elimination of endogenous pathogens is of fundamental importance in ensuring standardization of experiments using laboratory animals. Infections with pathogenic or opportunistic agents can cause higher deviations of test parameters and=or may potentially alter the outcome of immunological or oncogenesis studies. For example, lactate dehydrogenase-elevating virus (LDV) (Isakov et al. 1981 ) and mouse hepatitis virus (MHV) (Kyriazis et al. 1979) can in uence tumour growth, whereas infection with minute virus of mice (MVM) (Engers et al. 1981) or MHV (Dempsey et al. 1986 ) can lead to immune modulation. However, it is not only important to ensure that animals used in experiments are free of pathogens, but also that biological materials such as sera, cell lines or tissue grafts administered to the animals are free of infectious contaminants.
Before introducing biological materials into animals, those materials should therefore be tested for viral, bacterial and parasitic contaminants. This has historically been carried out using the mouse or rat antibody production (MAP=RAP) test as a bioassay for contaminating viruses, mycoplasmas or bacteria. This test was rst developed for polyomavirus in 1959 (Rowe et al. 1959) and later adapted to detect other murine pathogens (Hartley & Rowe 1960 , Vester & Clayton 1971 , Collins & Parker 1972 , Parker & Richter 1982 , Nicklas et al. 1993 , Nakai et al. 2000 . The biological material to be tested is homogenized and administered intraperitoneally (i.p.) and=or intranasally (i.n.) to speci c pathogen-free (SPF) mice. After 28 to 30 days, sera from the test animals are assayed for virus-speci c antibodies. However, MAP test protocols are not standardized among different laboratories. The number of animals tested varies across protocols and the time allowed for an immune response varies between 21 and 30 days (testing for the same contaminant). In addition, there are differences among the injection volumes of the homogenized tissue, resulting in differences in the applied concentrations. No information is available about the number of MAP=RAP tests carried out in European countries each year, but based on experience and personal communications we estimate that up to 100 tests are carried out in Switzerland every year, and the need for testing is increasing.
Different approaches have recently been tried for replacing these in vivo methods. The increasing application of the polymerase chain reaction (PCR), with its high sensitivity and speci city, to diagnostics offers a promising alternative to bioassays (Homberger et al. 1991) . PCR assays have been developed or established in our laboratory for all murine viruses described in the FELASA guidelines (Popovic 1998 , Tischhauser 1999 . As virus concentrations were not determined in these studies, the sensitivity of the PCRs could not be compared with the MAP methods. This is vital if the animal method is to be replaced.
In this paper we report comparative sensitivities of MAP, conventional PCR and realtime PCR (TaqMan 1 ) tests for 14 murine viruses after production of exactly de ned virus concentrations in a reproducible form.
Material and methods

Cell lines
The cell lines L929 (mouse broblast), BHK-21 (hamster kidney broblast), HeLa (human cervical adenocarcinoma), MA-104 (rhesus kidney cells), and MEF (mouse embryo broblast) were obtained from the American Type Culture Collection (Manassas, VA, USA), either directly or through the German Cancer Research Center (DKFZ) (Heidelberg, Germany). Cells were seeded at 5610 5 cells per 75 cm 2 ask (Corning GmbH, Wiesbaden, Germany) and subsequently grown in 15 ml of DMEM (Dulbecco's modi ed Eagle's medium) or MEM (Minimal Essential Medium-Earle's & L-glutamine), respectively, containing 10% fetal calf serum (Table 1) . Cell growth was monitored using an inverted microscope. The cells reached con uence and were subcultured after 3 to 4 days. Human colon carcinoma C 51 cells (Corbett et al. 1975) used for the extraction experiment were provided by Dario Neri (Swiss Federal Institute of Technology, Zurich, Switzerland).
Viruses
The virus strains listed in Table 1 were obtained from the American Type Culture Collection, the German Cancer Research Center, Volker Kraft (BioDoc, Hannover, Germany) and Rolf M. Zinkernagel (University of Zurich, Switzerland). With the exception of the Sendai virus, K-virus and LDV, all viruses were propagated in cell cultures in the following manner. Cell culture asks (75 cm 2 ) were inoculated with 2610 6 cells, after which 20 ml of growth medium (DMEM or MEM) was added (Table 1) . After 5 h of incubation at 37¯C and 5% CO 2 , the medium was decanted and one millilitre of stock virus was diluted 1:10 in maintenance medium. After a one-hour incubation time, 15 ml growth medium was added and the incubation was continued until there was 80% cell lysis ( Table 1 ). The cells were then subjected to 3 freeze-thaw cycles to disrupt any remaining cell walls and liberate the virus. Then the solution was centrifuged for 15 min at 1500 g to separate cell debris from the virus suspension. The supernatant was layered onto a 30% sucrose=PBS gradient and centrifuged for one hour at 20 000 g. The precipitates were resuspended in PBS and frozen as stock virus at ¡ 80¯C in aliquots of one millilitre.
Titres of virus stocks [except for pneumonia virus of mice (PVM), K-virus and LDV] were determined using the method of Kaerber (1931) . PVM and K-virus were titrated by the haemagglutination (HA) test. For PVM we used mouse erythrocytes and for the K-virus dog erythrocytes. LDV had been quanti ed in mice by Rolf Zinkernagel (Van den Broek et al. 1997) . Titres are expressed as median infectious dose, plaque-forming units or HA units.
Animals
Eight to 10-week-old female Hanlbm:NMRI mice were obtained from RCC (Fü llinsdorf, Switzerland). The animals were free of all pathogens listed in the FELASA guidelines (Nicklas et al. 2002) and were housed under standardized conditions (room temperature 20 § 2¯C, humidity 50 § 5%, 12=12 h lightdark cycle) in Makrolon type 3 static lter cages (two mice per cage). The animal room had 20 air changes per hour, thus a 5-fold air change per hour can be assumed in the static lter cages (Keller et al. 1989 ). The cages were autoclaved completely assembled, with bedding (Lignocel 3-4 bres, Rettenmaier & Sö hne, Rosenberg, Germany) and feed (DVOD 10 mm food for breeding mice, Nafag Ecosan, Gossau, Switzerland). The drinking water was treated with 4 ppm chlorine and provided in bottles. Cages were changed once a week under a class 2 biosafety safety cabinet to prevent cross-contamination.
MAP test
Two mice each were inoculated with each virus dilution, both intraperitoneally (980 ml) and intranasally (20 ml). Ten mice served as controls and were sham-inoculated with 0.9% NaCl by the same routes. After 24 h the animals were bled under iso urane anaesthesia and plasma was collected for lactate dehydrogenase (LDH) level determination using a LDH test kit (Boehringer Ingelheim, Germany). Animals with LDH values over 1200 IU/ml were considered to be positive for LDV. Thirty days after inoculation the mice were euthanized by carbon dioxide inhalation and were exsanguinated by cardiac puncture. Serum samples were collected and tested by enzyme-linked immunosorbent assay (ELISA) or by immuno uorescence assay (IFA) (MicroBios GmbH, Mü nchenstein, Switzerland and=or BioDoc Hannover, Germany). K-virus was tested in our laboratory by haemagglutination inhibition (HAI) using dog erythrocytes as described (Kilham 1961) .
DNA=RNA
Viral nucleic acid was extracted using either RNeasy 1 Mini Kit or DNeasy 1 Tissue Kit (Qiagen, Basel, Switzerland) according to the manufacturer's instructions. The reverse transcriptase reaction was carried out immediately after extraction of the RNA. Single-stranded cDNA was synthesized using 0.5 ml reverse transcriptase (Catalys AG, Wallisellen, Switzerland) at 37¯C for one hour in a 5£ reaction buffer (Catalys) including 3 ml RNA and 2.5 ml of reverse transcription primer (Table 2) . Primers (Microsynth, Balgach, Switzerland) were used at a nal concentration of 100 ng/ml.
Conventional PCR
Conventional PCR assays (Table 2) were performed as previously described (Popovic 1998 , Tischhauser 1999 . The primers were located in conserved regions of the virus genome in order to detect a wide range of substrains of the same virus. For example, one primer set could detect both strains of mouse adenovirus FL and K87 and another primer set detected all rodent parvoviruses [MVM, mouse parvovirus (MPV), Kilham rat virus (KRV), Toolan H-1 virus (H-1) and rat parvovirus (RPV)]. The primers were selected manually in homologous regions, taking care to balance the AT=GC ratio and to avoid hairpin formations. The size of the projected amplicons were set at 300-800 bp. The primers were subsequently con rmed with the Primer Express 1 software (Perkin Elmer, Wellesley, MA, USA) and examined in Genbank for their speci city using BLAST (Basic Local Alignment Search Tool). Polymerase chain reaction was carried out in a total volume of 20 ml using a GeneAmp 1 System 2400 (Perkin Elmer) with the following ampli cation conditions: 94¯C for 5 min, followed by 40 cycles of 94¯C for 30 s, 55¯C for 30 s and 72¯C for 30 s, followed by a nal extension step of 72¯C for 7 min before the machine cooled to 4¯C. Taq polymerase and the 10£ reaction buffer were from Qiagen, and primers (Microsynth) were used at a nal concentration of 200 ng/ml.
Realtime PCR
TaqMan 1 (Perkin Elmer) is a 96-well thermocycler with a capacity to detect uorescence in individual wells. The synthesis of the PCR product is monitored using a TaqProbe 1 which is an additional nucleotide (located between forward and reverse primer) conjugated to a uorescent reporter. In case of a primer annealing and subsequent ampli cation, the reporter is split off and can be detected by the optical probe (Houng et al. 2002) . The emission is returned through the bre to a spectrograph which is connected to a charged coupled device (CCD) camera and measured every 5 s. This method allows the acquisition of light between 500 and 660 nm. The more template DNA or cDNA is present the more intensive is the measured uorescence, as more reporter particles are split off. Primer Express 1 software (Perkin Elmer) was used to design the PCR primers and the TaqProbe 1 (Table 3 ). Oligonucleotides were synthesized by Eurogentec (Geneva, Switzerland) and examined in Genbank for their speci city using BLAST (Basic Local Alignment Search Tool).
Realtime PCR was carried out in a total volume of 50 ml using an ABI Prism 1 7700 Sequence Detector (TaqMan 1 ) (Perkin-Elmer) with the following ampli cation conditions: 50¯C for 2 min, (for UNG (Uracil-N-Glycosylase) activation and activation of the AmpliTaq 1 Gold DNA polymerase) followed by 40 cycles of 95¯C for 15 s, 60¯C for 60 s.
Gel electrophoresis
The sample material (2 ml mixed with 3 ml of loading buffer) was applied on a Clearose 1 Mini Gel (Elchrom Scienti c, Cham, Switzerland) and run at 120 V for 25 min. The running buffer was a 0.756TAE (Tris-acetate= EDTA), and a 100 bp ladder (Catalys) was loaded at one side of the gel.
Selected bands were eluted from the gel for sequencing using GenElute TM (SIGMA, Buchs, Switzerland). Sequencing was performed by Microsynth.
Validation study
Each virus was tested at four different dilutions (undiluted stock virus, 1:100, 1:10 4 , and 1:10 6 in 0.9% NaCl). Each virus dilution was split and one millilitre was used as an inoculum for the MAP test. Ten microlitres of the same virus dilutions were incubated with human colon carcinoma C 51 tumour tissue (10 ml virus dilution with 25 mg tumour) at room temperature for one hour (DNA viruses) or Replacement of MAP test 5 min (RNA viruses). This was done to imitate natural conditions and to improve DNA=RNA yields during extraction. Contaminated tumour homogenates were used for DNA=RNA extraction and subsequent analysis with conventional and realtime PCR. The conventional and realtime PCR assays were run in duplicate for each virus dilution. The MAP test was only done once.
The PCR product was deemed to be speci c if the size of the amplicon matched the expected size and no additional bands were visible. If non-speci c bands were found, all PCR products were eluted and sequenced. One positive and several negative controls were included in each PCR run (conventional and realtime). Positive controls consisted of undiluted stock virus. Naive tumour tissue samples at different steps of the DNA=RNA extraction were used as negative controls. All controls were prepared and handled in the same way as the test samples. During all manipulations the positive control was always handled last and the negative controls always second to last.
Results
Mouse hepatitis virus turned out to be lethal for seven of the eight inoculated mice. Only one animal inoculated with the lowest concentration survived but had to be euthanized 10 days later because of deterioration in health. Six of the animals inoculated with ectromelia virus became clinically ill and had to be euthanized according to Swiss regulations for animal experimentation, as their health deteriorated drastically. The two mice given the most dilute virus survived and were serologically negative. Even though no serology could be obtained from the animals that had died or were euthanized, we considered them to be MAP-test positive for the sake of this comparison study.
The detection limits of the three tests (the MAP test, conventional and realtime PCR) are shown in Table 4 . No signi cant differences in sensitivity between the three methods were found for two of the viruses tested. One was lymphocytic choriomenigitis virus (LCMV) and the other was MHV. For all other agents the molecular methods were more sensitive than the MAP test. This was found for 8 of the 12 remaining viruses using the conventional PCR and for all 12 when using TaqMan 1 PCR.
For the following viruses, the detection limit with standard PCR and realtime PCR was equal: ectromelia: 10 ¡ 2.5 TCID 50 ; mouse adenovirus (MAD FL): 10 ¡ 2.5 TCID 50 ; mouse Mad TCID 5 0 10 5.5 IFA 10 ¡ 1 10 ¡ 2 .5 10 ¡ 2.5 Reovirus 3 TCID 5 0 10 5.5 IFA 10 10 1 Ectromelia TCID 5 0 10 3.5 IFA 10 ¡ 1.5 10 ¡ 2 .5 10 ¡ 2.5 MHV TCID 5 0 10 3 IFA 10 ¡ 3 10 ¡ 3 10 ¡ 3 Polyoma TCID 5 0 10 4.5 IFA 10 ¡ 0.5 10 ¡ 0 .5 10 ¡ 4.5 MCMV TCID 5 0 10 5.2 ELISA 10 1.2 10 1.2 10 ¡ 0.8 PVM HA units 32 HAI 10 ¡ 2 10 ¡ 4 10 ¡ 4 K-virus HA units 2 HAI 1 10 ¡ 5 10 ¡ 7 Sendai TCID 5 0 10 2.5 IFA 10 0.5 10 ¡ 1 .5 10 ¡ 2.5 Rota TCID 5 0 10 3.5 IFA 10 1.5 10 ¡ 1 .5 10 ¡ 1.5 LDV ID 5 0 10 10 IFA 10 2 10 ¡ 2 10 ¡ 2 TMEV TCID 5 0 10 5.5 IFA 10 10 1 LCMV PFU 10 6 ELISA 1 1 1 MVM TCID 5 0 10 4.5 IFA 10 2 10 0.5 10 ¡ 2.5 a TCID 5 0ˆm edian tissue culture infectious dose; HA unitsˆhaemagglutinin units; ID 5 For some viruses (MCMV, polyoma, PVM, Reovirus 3, Sendai virus) additional bands were found after electrophoresis of the conventional PCR product (Fig 1) . The stronger bands suf cient for sequencing were isolated, sequenced and veri ed via comparison with public databases. One additional band at 430 bp had a 99% homology with the gene sequence ddlA for allele 14 and 45 of Streptococcus pneumoniae, which may be due to a contamination of the tumour. The other bands could not be matched to a known gene sequence. With realtime PCR this additional ampli cation did not occur, as PCR products of the TaqMan 1 runs were found to contain a single band following clearose gel electrophoresis (Fig 2) . Figure 3 shows the ampli cation plot of the four serial dilutions of Sendai virus for realtime PCR. The rst curve, started at ampli cation cycle 14 represents the highest virus concentration and the curve begun at cycle 24 the lowest one. The threshold cycle or C T value is the cycle at which a statistically signi cant increase in ampli cation is rst detected. With the C T values of the different, in realtime PCR used, well-known serial dilutions a standard curve can be provided (Fig 4) . With this standard curve the virus concentration of unknown samples can be determined.
Discussion
The aim of this work was to validate PCR methods for replacing MAP tests using animals. We compared the sensitivity of the MAP test with that of two different PCR methods developed in our laboratory. Previous work has shown that other methods (including cell cultures and baby mouse titration) at best only equal the sensitivity of the MAP test, so the MAP test has become the gold standard for the detection of contaminants in biological materials (Rowe et al. 1959 , Hartley & Rowe 1960 . Similarly, the MAP test for detection of Sendai virus was as sensitive as virus isolation in tissue culture (Parker & Reynolds 1968) . In 1971, Vester and Clayton examined LCMV, TMEV and Reovirus 3. They compared the MAP test with virus titration in baby mice. For LCMV and Reovirus 3 the two methods were comparable. In contrast, TMEV titration in baby mice was less sensitive than the MAP test. In 1989, de Souza and Smith compared the MAP test with direct virus isolation in cell cultures. As Vester and Clayton (1971) had already shown, using baby mouse titration, the MAP test was the more sensitive method for detecting LCMV and Reo 3. For MHV, the MAP test was more than 1000 times more sensitive. For MVM the two methods did not differ. De Souza and Smith simultaneously compared the sensitivities of intraperitoneal and intrasplenic application of the sample material in the MAP test and concluded that For measuring the antibody response it is important to note that the choice of test assay (ELISA, HA, IFA) is critical (Schmidt & Lennette 1971) . In 1986, Kraft and Meyer demonstrated that ELISA or IFA was 30% more sensitive in detecting Sendai virus, PVM, TMEV, MVM and Reovirus 3 than the HA test. They also demonstrated that the antibody titre in the ELISA was 20 times higher than for the HA test. In addition ELISA and IFA had better speci city and yielded fewer false-positive results. Besselsen et al. (2000) also con rmed the high sensitivity of IFA. For this reason we used IFA and ELISA in our study as serological assays whenever possible. These exceptions were K-virus and LDV. It is not possible to cultivate the K-virus in cell culture, therefore antibody was detected with the HAI test. LDV was detected through an increase in serum lactate dehydrogenase.
Polymerase chain reaction was evaluated as a replacement method for the MAP test based on its sensitivity. Viral RNA=DNA is detected in PCR. An exactly de ned gene sequence is selected and ampli ed using primers. Depending on primer selection, PCR may be a very sensitive and very speci c method. Yamada et al. (1993) compared PCR and the MAP test for MHV-JHM. They found a sensitivity of up to 10 ¡ 3 PFU for PCR, whereas the MAP test could detect only 30 PFU. In our work PCR detection for MHV-3 was also extremely sensitive (10 ¡ 3 TCID 50 =ml). However, in contrast to Yamada's study the MAP test for this agent was as sensitive as PCR. This high sensitivity was probably in uenced by the selection of virus strain and the mouse strain. MHV-3 is extremely pathogenic and NMRI mice are very susceptible. Thus a small quantity of virus was suf cient to cause death acutely, which we interpreted as a positive result. As early as 1991, Homberger et al. compared PCR, MAP testing and baby mouse titration for detection of MHV. In this study PCR was as sensitive as the MAP test and more sensitive than baby mouse titration. In 1997, Park et al. developed a PCR assay for LCMV which could detect the virus down to a concentration of <1 TCID 50 =ml. In our study PCR was also able to detect 1 TCID 50 of LCMV.
In our work the detection limit of the TaqMan 1 test was similar to conventional PCR. The realtime technology of the TaqMan 1 is a PCR that continuously measures the amount ampli cation photoelectrically, which allows a quantitative statement to be made about the original material.
In order to compare the three methods, de ned virus stocks were prepared and examined at different dilutions. When preparing sample materials for the PCR assays, the different virus concentrations were mixed with tumour tissue rst and later extracted, in order to mimic natural conditions and to determine if the presence of tumour tissue would interfere with the assay. The conventional PCR yielded interfering bands for four of the viruses tested (MCMV, polyoma, Sendai and PVM). In order to interpret these additional bands they were extracted from the gel and sequenced in both directions. In three cases no homology could be found with other sequences in the public databases, but the extra band found in the Sendai virus PCR product had 99% homology with gene sequences of Streptococcus pneumoniae. Presumably the Sendai stock virus, propagated in embryonated chicken eggs, had been inadvertently contaminated with S. pneumoniae. The other three cases could potentially be ampli cation of a tumour speci c sequence that hybridized with the selected primers. The primers were checked in Genbank for their speci city; however these sequences were not found. Apparently unwanted ampli cations like these can occur in conventional PCR. It is important to note that similar interfering PCR products were never seen in PCR products generated using realtime PCR assay.
This and the higher sensitivity compared with conventional PCR seen in the TaqMan 1 assay could be attributed to two reasons. In the conventional PCR the annealing temperatures for the primers had never been optimized in an attempt to run all assays with the same program. As a result the ampli cation rate and speci city might have been suboptimal. On the other hand, the standardized conditions in TaqMan 1 technology guarantee optimal assay conditions resulting in an increased sensitivity and speci city. Furthermore, the TaqMan 1 uorescence detection is an extremely sensitive system. The molecular methods have signi cant advantages over the MAP test. Using PCR the testing of biologicals for murine pathogen contaminations does not require the use of live animals. The turnaround time can be reduced from 4-6 weeks to 1-2 days. The fact that virus does not need to be propagated in animals reduces the risk of transmission to other animals in the research colony or, in the case of a zoonotic agent, to humans. Lastly, the assay is a direct method and not dependent on the immune response of the mouse.
One potential disadvantage of the molecular methods might be that information about the viability of the virus material cannot be obtained. PCR detects both infectious and inactivated virus. However, since the presence of inactivated virus would indicate that there had been a historic contamination, that information may be viewed as an advantage as well. In addition it has to be kept in mind that viruses are capable of mutating, which potentially could result in changes in annealing regions of the primers. In order to minimize this risk the primers for both PCR assays were selected in homologous regions by comparing the sequences of various substrains and related viruses.
This study showed that overall the molecular methods proved to be very sensitive, in most cases considerably more sensitive than the MAP test. Based on these ndings the molecular methods show promise as replacements for the MAP test. The advantages of the new realtime PCR assay clearly outweigh the disadvantages. Over 100 tissue samples have been tested by PCR in our institute over the last 3 years. The results were con rmed by the absence of inadvertent infections in the animal colonies that received the tested biologicals, as determined by routine health monitoring. The realtime PCR assays have proven themselves in the eld.
